fact GluR3 can interact with a number of GluR2-interthat the GluR3 subunit is involved in the expression of hippocampal LTD. Alternatively, GluR3 may have a acting proteins (Braithwaite et al., 2000) , we then explored the possibility that GluR3 may play a similar role redundant function sufficient to compensate for the loss of GluR2 so that LTD and depotentiation can be estabin synaptic plasticity by generating and analyzing knockout mice lacking GluR3. We showed that the GluR3 lished in the GluR2 knockout mice. It is also important to note that despite the fact that GluR3 is abundantly knockout mice exhibited normal basal synaptic transmission and LTD but enhanced LTP, indicating that expressed in many regions of the CNS and that it can form functional heteromeric receptors with other AMPA GluR3 was not critical for the expression of LTD. Finally, to address the possibility that GluR2/3 may have redunreceptor subunits, there have been very few studies directly focusing on the GluR3 subunit. Therefore, we dant functions, we analyzed double knockout mice lacking both GluR2 and GluR3. We demonstrated that the set out to investigate the in vivo function of GluR3 by generating and analyzing knockout mice deficient in the double knockout mice exhibited a dramatic reduction in the mean amplitude of basal synaptic transmission, expression of GluR3. indicating that GluR2/3 are essential to maintain high levels of synaptic transmission in vivo. However, in spite Normal CNS Anatomy and Synaptic Structures of a severe reduction in basal synaptic function, the in GluR3 Knockout Mice double knockout mice were capable of establishing and The GluR3 knockout mice were generated by standard maintaining several forms of long-lasting synaptic homologous recombination techniques using R1 ES line changes, including LTP, LTD, depotentiation, and dede- ( 
showed no apparent behavioral deficits, including normal locomotor activities. The whole-brain lysate from Hippocampal LTD and Depotentiation in GluR2
the GluR3 knockout mice showed no detectable expresKnockout Mice sion of GluR3 mRNA, but normal levels of mRNA for If GluR2 is important for the expression of hippocampal GluR1 and GluR2 (data not shown). Since there are no LTD by regulating AMPAR trafficking, one would expect commercially available antibodies specific to the GluR3 that LTD or depotentiation is affected in GluR2 knockout subunit, we generated GluR2/3 double knockout mice mice (Jia et al., 1996) . To test this possibility, we carried by crossing the GluR3 knockout mice to GluR2 knockout out electrophysiological recordings in the CA1 region of mice. Using antibodies that recognize both GluR2 and the hippocampus. Previously, we found no significant GluR3, we showed that the double knockout mice had differences in the degree of LTD of field excitatory postno expression of GluR2 or GluR3 protein, confirming the synaptic potential (fEPSPs) between the wild-type and absence of GluR3 protein in the GluR3 knockout mice the knockout mice in an 129XCD1 genetic background ( Figure 2C ). The protein levels for other glutamate recep-(Jia et al., 1996). Since the present study focused on tors and postsynaptic proteins, including GluR1, GluR2, GluR3 and GluR2/3 double knockout mice which were GluR4, NR1, NR2A/B, and CaMKII␣(CKII␣) were not algenerated in an 129XC57/BL6 genetic background, we tered in GluR3 knockout mice ( Figure 2C ). The GluR3 therefore backcrossed the GluR2 null mutation into a knockout mice showed no detectable abnormalities in C57/BL6 genetic background and further verified that the gross anatomy or synaptic structures of the CNS both LTD and depotentiation were present in the ab- (Figures 2Db and 2Df ). sence of GluR2. As shown in Figure 1A , no significant differences were found in the degree of LTD induced by low-frequency stimulation (LFS; 1 Hz lasting 15 min)
Normal Basal Synaptic Transmission in GluR3 Knockout Mice between the two groups of mice (79.2 Ϯ 2.3% for GluR2 ϩ/ϩ versus 77.2 Ϯ 4.2% for GluR2
, p ϭ 0.66; To further investigate the effect of GluR3 deletion on the properties of synaptic transmission and plasticity, Figure 1A ). Although LTP induced by high-frequency stimulation (HFS; 100 Hz lasting 1 s) was enhanced in we conducted field and whole-cell recordings in the CA1 region of the hippocampus in the GluR3 knockout mice. GluR2 knockout mice (155.3% Ϯ 3.2% for GluR2 ϩ/ϩ versus 181.6% Ϯ 3.9% for GluR2 Ϫ/Ϫ , p ϭ 0.006), depotentiaAnalysis of evoked fEPSPs revealed no differences in the stimulus intensity/response curve, maximal retion induced by LFS was not significantly altered (87.9% Ϯ 2.2% for GluR2 ϩ/ϩ versus 76.3% Ϯ 13.5% for sponse, and fEPSP waveform ( Figure 3A) . The passive membrane properties of CA1 pyramidal neurons, includGluR2 Ϫ/Ϫ , p ϭ 0.18; Figure 1B ). In adult hippocampal slices, depotentiation could not be induced by LFS in ing resting membrane potential, input resistance, threshold to fire action potential, and its amplitude were either wild-type or GluR2 knockout mice ( Figure 1C) . These results indicate that GluR2 is not essential for not altered in GluR3 knockout mice (data not shown). Analysis of spontaneous miniature excitatory postsynthe expression of hippocampal LTD or depotentiation. However, because GluR3 is closely related to GluR2 in aptic currents (mEPSCs) of CA1 pyramidal neurons also showed no differences in the frequency ( Figure 3B CA1 pyramidal neurons showed no differences in the indistinguishable between the wild-type and knockout amplitude, current/voltage relation, and reversal potenmice (79.1% Ϯ 3.8% for GluR3 ϩ versus 83.7% Ϯ 2.5% tial between these two groups of mice ( Figure 3D ). These for GluR3 Ϫ , p ϭ 0.33; Figure 4B) Figure 4D ). While LTP was enhanced, depoTo examine the role of GluR3 in the regulation of synaptic tentiation after establishment of LTP was not signifiplasticity, we analyzed LTP and LTD in the CA1 region of the hippocampus. While LTD induced by LFS was cantly altered in GluR3 knockout mice (85.0% Ϯ 1.4% for GluR3 ϩ versus 82.5% Ϯ 9.2% for GluR3 Ϫ ; Figure 4E) . quired for the expression of synaptic plasticity, we generated and analyzed knockout mice lacking both GluR2 NMDA receptor antagonist DL-APV (100 M) completely blocked LTP in both the wild-type and knockout mice and GluR3. The double knockout mice (GluR2
, males) were born indistinguishable from the (data not shown). Therefore, the enhanced LTP in the GluR3 knockout mice does not involve NMDAR-indepenwild-type littermates, but during postnatal weeks 2-4 dent mechanisms. To test whether GluR3 plays a role in displayed an increased mortality (approximately 20%-presynaptic functions, we compared paired-pulse facilita-30%) and gradual appearance of global abnormalities, tion and found no differences between the wild-type and including smaller body sizes, reduced locomotor activiknockout mice ( Figure 4A ). Therefore, hippocampal synapties, and severe tremors upon movements. Surprisingly, tic plasticity can occur in the absence of GluR3. the double knockout mice showed no detectable abnormalities in the gross anatomy of the CNS, including hippocampus ( Figure 2D ). In addition, the synaptic strucNormal Gross CNS and Synaptic Structures in GluR2/3 Double Knockout Mice tures in the CA1 region of the hippocampus appeared unchanged in the double knockout mice (Figures 2Dd, To address the possibility that GluR2 and GluR3 are functionally redundant and that only one of them is re2Dh, and 2E). There were no significant differences in To investigate the properties of basal synaptic function in GluR2/3 double knockout mice, we analyzed fEPSPs These results indicate that the excitatory synapses are formed and maintained in the absence of GluR2/3. evoked by various stimulus intensities. In these experi- ments, we used adult mice to minimize the effect of volley compared to those of the wild-type or GluR2 knockout mice. The maximal amplitude of fEPSPs in the GluR4 on synaptic transmission. As shown in Figure 5A , the mean amplitudes of fEPSPs in the double knockout double knockout slices was only 10%-20% of that in the wild-type control. To investigate the mechanisms mice were significantly smaller over a wide range of stimulus intensities (data not shown) or presynaptic fiber underlying this reduced synaptic response, we recorded (Fig-1996) . In these experiments, we found little changes in NMDAR-mediated transmission associated with LTP ure 5B). Therefore, the reduction in basal synaptic responses in the double knockout mice was not likely (111.4% Ϯ 2.99% for GluR2 ϩ/ϩ GluR3 ϩ versus 120.6% Ϯ 5.5% for GluR2 Ϫ/Ϫ GLuR3 Ϫ ) or LTD (99.1% Ϯ 3.25% caused by presynaptic changes.
for GluR2 Ϫ/Ϫ GluR3 Ϫ ) ( Figures 7B and 7C 
Synaptic Plasticity in the Absence of GluR2/3
absence of GluR2/3, the absolute amount of changes in synaptic transmission during LTP/LTD in most experiAn intriguing and rather surprising finding of the present study is that various forms of hippocampal synaptic ments is actually smaller in the double knockout mice. Therefore, one interpretation of the results is that GluR2/3 plasticity can be established in the double knockout mice. In particular, the presence of hippocampal LTD may normally participate in facilitating and/or stabilizing synaptic changes by interacting with AMPAR-interand depotentiation in the absence of GluR2/3 is not predicted by the hypothesis that GluR2/3 are necessary acting proteins as mentioned above. Thus, disruption of these interactions or deletion of GluR2/3 would lead for AMPAR endocytosis and LTD (Luthi et al., 1999; Daw  et al., 2000; Xia et al., 2000) . One possible interpretation to reduced synaptic plasticity. As indicated earlier, this possibility is supported by results from many previous for this discrepancy is that the mechanisms of synaptic plasticity in our genetically altered mice may differ from studies using cultured hippocampal neurons ( . Disruption GluR2/3-independent AMPAR endocytosis operates and how much it contributes to synaptic changes in the of the interaction between GluR1 and these proteins blocks the activity-dependent synaptic delivery of GluR1 wild-type animals.
In the absence of GluR2/3, the relative amount (as and LTP (Shi et al., 2001 ). Since LTD experiments were performed using mice at postnatal days 12-15 when compared to basal synaptic response) of synaptic plasticity is significantly greater (Figures 5-7) . This enhanceGluR4 is also expressed in the hippocampus, it is not clear whether GluR1 is sufficient for the expression of ment, in particular of LTD and depotentiation ( Figures 5C  and 5D 
